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Summary
• A dual-isotope, microcosm experiment was conducted with Quercus rubra
(red oak) seedlings to test the hypothesis that foliar herbivory would increase
belowground carbon allocation (BCA), carbon (C) rhizodeposition and nitrogen (N)
uptake. Plant BCA links soil ecosystems to aboveground processes and can be
affected by insect herbivores, though the extent of herbivore influences on BCA is
not well understood in woody plants.
• Microcosms containing 2-yr-old Q. rubra seedlings and soil collected from the
Coweeta Hydrologic Laboratory (NC, USA) were subjected to herbivory or left as
undamaged controls. All microcosms were then injected with 15N-glycine and pulsed
with 13CO2.
• Contrary to our hypothesis, herbivore damage reduced BCA to fine roots by 63%
and correspondingly increased allocation of new C to foliage. However, 13C recoveries
in soil pools were similar between treatments, suggesting that exudation of C from
roots is an actively regulated component of BCA. Herbivore damage also reduced
N allocation to fine roots by 39%, apparently in favor of storage in taproot and
stem tissues.
• Oak seedlings respond to moderate insect herbivore damage with a complex
suite of allocation shifts that may simultaneously increase foliar C, maintain C
rhizodeposition and N assimilation, and shift N resources to storage.
Key words: carbon allocation, herbivory, nitrogen allocation, Orgyia leucostigma
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Introduction
Plants provide a direct conduit between aboveground and
belowground processes in terrestrial ecosystems and, as a
result, influence ecosystem function (Knops et al., 2002; Wardle,
2002). Some carbon (C) assimilated through photosynthesis
is allocated belowground to roots and exudates into the
rhizosphere (Whipps & Lynch, 1983; Martin & Merckx,
1992). This C source is critical to the regulation of soil organic
matter development (Giardina et al., 2005) and as an energy
source for rhizosphere microorganisms (Martens, 1990; Cardon
et al., 2002). Rhizosphere microorganisms decompose soil
organic matter (Cheng & Coleman, 1990), mineralizing
nitrogen (N) that is then available to plants (Hamilton &
Frank, 2001; Kula et al., 2005). Nitrogen translocated from
the soil to the shoots and foliage strongly influences relative
growth rates (RGR) and net primary production (NPP)
(Chapin, 1980; Reich et al., 1997), completing a feedback loop
between aboveground and belowground processes. Belowground
C allocation (BCA), which includes C allocated to roots
as well as rhizodeposition of C exudates from roots to
surrounding soil, is a critical link in the loop. Extrinsic factors
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that alter BCA may therefore influence a wide range of
aboveground and belowground processes. Belowground C
allocation is the third largest biologically mediated C flux on
a global scale, and may comprise some 50% of NPP (Giardina
et al., 2005). However, despite its magnitude and importance,
the environmental controls on BCA and their consequences
for ecosystem function are not well understood.
Plant-mediated links between aboveground and below-
ground processes in terrestrial ecosystems have received
considerable attention recently (Wardle, 2002; Bezemer &
van Dam, 2005), with particular focus on the influence of
herbivores (Hunter, 2001; Frost & Hunter, 2004). Herbivores
can influence plant energy and nutrient allocation patterns
aboveground and belowground. Plants respond to herbivore
damage with a complex suite of chemical changes to their
foliage (Karban & Baldwin, 1997; Zangerl, 2003). These
chemical changes reflect changes in C allocation patterns in
the foliage that are likely regulated by wound-induced gene
expression (Davis et al., 1991). Such herbivore-mediated
shifts in plant C allocation patterns also extend belowground
and therefore influence BCA and soil faunal and floral
communities (Bardgett & Wardle, 2003). Much of the
previous research in this area has focused on grasses (Hamilton
& Frank, 2001; Mikola et al., 2001a,b) and agricultural
crops (Holland, 1995; Holland et al., 1996). Stimulation of
BCA and rhizodeposition by foliar herbivory may be common
among grasses, particularly those that suffer severe damage
by grazers (McNaughton et al., 1988; Frank & Groffman,
1998). While the benefit to plants of herbivore-induced BCA
could be C storage, another potential benefit is increased
nutrient uptake, facilitated by rhizodeposition and subsequent
responses of rhizosphere microorganisms. For example, accu-
mulation of aboveground biomass in some grass communities
following herbivory (Frank & McNaughton, 1993) may be
due, in part, to increased rhizodeposition that presumably
stimulates soil N mineralization (Hamilton & Frank, 2001).
Herbivore-mediated changes in BCA may not be limited
to grazing-tolerant grasses. Recent evidence suggests that
responses to herbivore damage similar to those observed in
grasses may also occur in woody plants (Ayres et al., 2004;
Frost & Hunter, 2004; Babst et al., 2005). Oaks allocate and
release C-rich rhizodeposits belowground in periodic cycles
and their rhizosphere microbial communities respond to
these inputs (Cardon et al., 2002), indicating that such
microbes might also respond to herbivore-induced changes
in BCA. Our objective in this study was to explore the
effects of aboveground insect herbivore grazing on BCA, C
rhizodeposition, and N uptake and distribution in red oak
(Quercus rubra) seedlings and their rhizosphere microbial
populations. We reasoned that oak seedlings would have
limited C or N storage reserves and would therefore depend
on newly assimilated C and N for responses to herbivores,
the allocation of which we could measure with stable isotopes.
In addition, seedlings are an important ontogenic stage in
oaks and other woody plants because of high seedling mortality
rates (Chaar et al., 1997; Murakami & Wada, 1997); herbivore-
mediated allocation patterns in seedlings may therefore have
a large effect on overall recruitment. Based on our previous
results with oak saplings (Frost & Hunter, 2004) and those
from other woody plants (Babst et al., 2005), we predicted
that foliar herbivory on oaks would increase BCA and result
in increased uptake of soil N into root or stem tissue for storage.
We report here the results of a short-term, dual-isotope
(13C, 15N), pulse-chase experiment using Q. rubra seedlings
subjected to herbivore damage in controlled microcosms. The
dual isotope approach was important to explore simultaneous
changes in C and N assimilation and allocation in response
to foliar insect herbivores.
Materials and Methods
Methods for isolating aboveground and belowground C
components in microcosms are well established (Cheng,
1996). The soil and roots are isolated from direct atmospheric
exchange using a wax seal on the soil surface; thus any new C
gained by roots or soil must be derived from photosynthate.
The design was modified to include side injection ports for
the addition of 15N-glycine (Fig. 1). The microcosms were
constructed of 15 × 5 cm (length × internal diameter) clear
polycarbonate tubing with approx. 200 g of a sieved soil–sand
mix (1:1 v : v). The soil used in the experiment was collected
from watershed 27 at the Coweeta Hydrologic Laboratory
Fig. 1 Diagram of the microcosm units used to grow 2-yr-old 
Quercus rubra (red oak) seedlings. Microcosm design was modified 
from Cheng (1996). Microcosms were 15 × 5 cm (length × internal 
diameter) polycarbonate tubes with vertical side injection ports for 
the introduction of 15N-glycine. Soil and roots were isolated from 
atmospheric gases with paraffin wax, and caulk was used to ensure 
an airtight seal. The soil was aerated with CO2-free air, driven by a 
vacuum pump and regulated with individual flow meters to ensure 
consistent flow among microcosms.
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(CWT) in western North Carolina (USA) to ensure that soil
microorganisms would be representative of field conditions.
Soil was passed through a 1 mm sieve to remove roots and
other debris. This soil was then mixed 1:1 (v : v) with acid-
washed, autoclaved sand, which increased soil porosity and
facilitated homogeneous watering in the microcosms. The
soil mixture was at approx. 70% field capacity when the
microcosms were established.
The experiment was contained entirely in a Conviron E15
growth chamber controlled with CMP 4030 v.4.0 software
(Conviron, Winnepeg, Manitoba, Canada). The chamber
was maintained on a 12-h photoperiod with ‘daytime’ and
‘night-time’ temperatures of 25°C and 16°C, respectively.
There was a 1-h ramping transition period for both light
and temperature regimes to simulate sunrise and sunset. The
maximum photon fluence rate at the level of the microcosms
was approx. 500 µmol m−2 s−1. Thus, all microcosms were
exposed to the same environmental conditions.
Red oak (Q. rubra L.) seedlings were grown from wild
seeds collected underneath a single parent red oak. Seeds were
planted in 2002 in potting soil with time-release fertilizer and
spent the 2003 growing season in a shaded, outdoor facility
adjacent to the University of Georgia Botany glasshouses
(Athens, GA, USA). In February 2004, the dormant seedlings
were transplanted to the experimental microcosms. The
seedlings were carefully removed from their germinating
plugs and the potting soil brushed from the roots. The bare
roots of the seedlings were then placed inside the microcosms
and filled with CWT soil–sand mix. Soil was gently packed
around the roots and the microcosm filled completely.
Microcosms were then brought to field capacity with
deionized (DI) water and the outside wrapped with aluminum
foil. All microcosms (26 total) were then equilibrated to the
growth chamber for 4 months before experimental mani-
pulations, during which time the seedlings broke dormancy
and fully expanded their foliage.
Each microcosm was randomly assigned to either receive
herbivores or be left undamaged as a control. There were
five replicates of each treatment per sampling date, with
destructive sampling 2 and 7 d following the end of damage
treatments and isotope additions (n = 20 total). In addition,
two microcosms were isotope-free controls and two microcosms
per date (four total) were seedling-free controls against isotope
contamination. The isotope-free controls were removed and
destructively sampled immediately following the damage
treatment. Seedlings began to break bud on 19 April 2004
and were fully expanded by mid-May 2004. On 13 June
2004, each microcosm was brought to field capacity (by
weight) and the top sealed with molten paraffin wax separated
from the soil with a layer of aluminum foil to prevent
decomposition of the wax by soil microorganisms. Four
fourth-instar white-marked tussock moth larvae (Orgyia
leucostigma Smith; egg masses from Canadian Forest Service,
Sault Ste Marie, Ontario) were added per seedling on 16 June
2004 and removed on 18 June 2004. Orgyia leucostigma are
tannin-tolerant defoliators common throughout the eastern
USA and can generally be found on red oaks at CWT. They
inflict damage by physically chewing leaf tissue and therefore
remove leaf area as they feed. Herbivores and seedlings were
completely enclosed in small branch bags made of Reemay
agricultural cloth tied to the microcosms, and all seedlings
were covered to control for any effects of the bags (e.g.
reduced photosynthesis). Herbivores removed 22.2 ± 3.5%
leaf area (mean ± SD) using a common visual damage estimate
technique (Hunter, 1987); undamaged seedlings suffered no
damage.
On 18 June 2004 following herbivore removal, the two
enrichment-free microcosms were destructively sampled
(described later) and their isotope ratios represented back-
ground abundances. Each remaining microcosm was then
injected with a total of 3.0 ml of a 0.27 m solution of
98atom% 15N-glycine into the three vertically-distributed
injection ports sealed with rubber septa (Fig. 1). This added
approx. 11.2 mg of highly enriched but dilute 15N to
minimize the potential for priming effects ( Jenkinson et al.,
1985). Glycine was added instead of mineral 15N to promote
microbial mineralization followed by plant uptake of the
mineralized 15N. While plants can directly acquire organic
forms of N (Lipson & Näsholm, 2001), plant uptake of
organic N may be low ( Jones et al., 2005) and, to our
knowledge, there are no reports of organic N uptake in red
oaks. Nonetheless, we cannot be certain that all 15N acquired
by the seedlings was derived from microbial processing.
Immediately following 15N injections, the chamber was sealed
and injected with 1 l of 99atom% 13CO2. Two more equivalent
pulse-labeling events occurred in the subsequent 2 h. Following
treatments, the chambers remained sealed for 48 h when day
2 microcosms were removed. The day 7 microcosms were
watered through the injection ports as necessary until they
were destructively sampled on 25 June 2004.
All microcosms were destructively sampled and sorted into
the following categories for analysis: foliage, new stem (during
2004 growing season), old stem, main (tap) root, fine roots,
rhizosphere soil and bulk soil (Table 1). Foliage was clipped at
the stem; stems were clipped at the surface of the wax layer.
The soil and roots were then pushed gently out the bottom of
the microcosm into a plastic bag with as little disturbance
to the soil as possible. The main root was then lifted gently
from the soil with some soil clinging to the roots. The ‘bulk
soil’ was defined as the soil collected in the plastic bag;
‘rhizosphere soil’ was defined as the soil clinging to the roots.
Rhizosphere soil was immediately brushed from the root
material into a separate bag. The intact roots were then
washed with DI water in a 2 mm sieve to remove remaining
soil particles; fine roots were separated from the tap root.
Leaf, stem, and root samples were dried separately for 48 h at
65°C and ground into fine powders for isotope analysis
(described later in ‘Isotope analysis’).
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Soil analysis
Rhizosphere and bulk soils were analysed separately. Soils
were passed through a 1-mm screen mesh and separated into
three subsamples for separate analyses. The first subsample
of soil was weighed, dried for 48 h at 105°C, and then
ground to a fine powder and analysed for total C and N and
their isotopes. The remaining two soil samples (approx. 7 g
per sample) were used to analyse extractable microbial and
nonmicrobial C via the fumigation-extraction method with
0.5 m K2SO4 (Vance et al., 1987). Briefly, one subsample was
immediately extracted with 50 ml 0.5 m K2SO4 on an orbital
shaker (150 r.p.m.) and subsequently filtered through
Whatman 42 filter paper. The filtrate represents a soluble,
labile pool of soil C (Powlson & Jenkinson, 1976; Cook &
Allan, 1992). The third subsample was subjected to
chloroform fumigation for 48 h under reduced pressure, and
then extracted as already described. Nonfumigated (NF) and
fumigated (F) samples were analysed for total organic C
(TOC) and δ13C (described in ‘Isotope analysis’). Total
microbial biomass C was estimated from the difference
between F and NF:
Microbial biomass C = (F − NF)/kec
(kec = 0.33 and is a correction factor based on the efficiency of
chloroform fumigation) (Sparling & West, 1988).
Isotope analysis
All dry stable isotope samples (i.e. leaf, stems, roots, soils) were
analysed on a Costech Elemental Combustion System 4010
(Costech Analytical Technologies, Inc., Valencia, CA, USA)
connected to a ThermoFinnigan ConfloIII Interface and
Deltaplus continuous flow stable isotope ratio mass
spectrometer (IRMS) (Thermo Electron, Waltham, MA) for
total N, total C, δ15N and δ13C. Soil extracts were analysed
on an OI 1010 total organic carbon (TOC) analyser (OI
Analytical, College Station, TX, USA) connected to the
above IRMS via a scrubber interface designed and built at the
G. G. Hatch Isotope Laboratories (University of Ottawa,
Ontario, Canada). Sets of samples were analysed on two dates
to provide estimates of IRMS, elemental analyser, and TOC
errors (Jardine & Cunjak, 2005). The coefficient of variation
on these data sets were 0.85 for δ15N, 2.17 for total N, 0.02
for 13C, and 1.13 for total C.
Statistical analysis
Distribution of newly assimilated C and N in the plant tissues
and soils was determined using standard isotope mixing
models (Lajtha & Michener, 1994; Dawson et al., 2002). All
data were analysed using the GLM procedure of SAS 8.2 with
Tukey HSD post hoc tests to determine significant differences
among treatment means (Littell et al., 2002). Since tissue
samples were collected from the same experimental units, a
nested analysis that treated tissue type as a within-subjects
effect was used. To account for violations of sphericity in the
within-subjects models, Huynh–Feldt epsilon corrections
(generated by PROC GLM) were used to adjust df to avoid
overestimates of significance. Damage (herbivore, undamaged)
and sampling date (days 2 and 7) were treated as between-
subjects effects and allowed to interact.
Results
Herbivore damage altered C allocation patterns between
aboveground and belowground tissues of the oak seedlings
(Fig. 2). In the complete within-subjects model, there was a
significant tissue × damage interaction (F4,64 = 3.85, P = 0.0190)
indicating that C allocation patterns differed between tissue
types as a function of damage; C allocation was highest in the
foliage and taproots, and lowest in stem material and fine roots.
Contrary to our hypothesis, the allocation of new 13C-C to
Fig. 2 Distribution of assimilated 13C (% of total recovered 13C) 
among leaf, new stem, old stem, tap roots, and fine roots in Quercus 
rubra (red oak) seedlings exposed to undamaged control conditions 
(light tinted bars) or insect herbivore damage (dark tinted bars) on 
(a) day 2 and (b) day 7 following herbivory. Inset graphs represent 
belowground C allocation (sum of roots + soil pools) as a percentage 
of total C allocation for each sampling date. In all cases, bars are 
means ± SE (n = 5 for the herbivore day 7 and undamaged day 2; 
n = 4 for herbivore day 2 and undamaged day 7).
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fine roots was 63% lower in herbivore-damaged seedlings
relative to controls independent of sampling date (F1,16 = 13.45,
P = 0.0021, Fig. 2). The allocation of new C to leaf tissue
was correspondingly higher in the seedlings suffering
herbivore damage relative to controls (F1,16 = 5.02, P = 0.0396).
Carbon allocation to new stems, old stems, and taproots was
not affected by damage when considered individually
(F1,16 = 2.95, P = 0.1053; F1,16 = 2.14, P = 0.1626; F1,16 = 1.25,
P = 0.2806, respectively). However, allocation of new C to
total (old + new) stem tissue was significantly lower in seedlings
damaged by herbivores (6.09 ± 0.60% vs 8.06 ± 0.75% in
undamaged controls; F1,16 = 5.76, P = 0.0308). In addition,
when we considered date-specific analyses, BCA (tap roots + fine
roots) was significantly lower in the herbivore-damaged
seedlings relative to controls on day 7 (F1,8 = 6.55, P = 0.038;
Fig. 2b inset) but not day 2 (F1,8 = 0.42, P = 0.535; Fig. 2a
inset); the effect on day 7 was weaker when the two soil
pools were included in the estimate of BCA (F1,8 = 3.64,
P = 0.098).
Nitrogen allocation patterns in the oak seedlings were also
affected by herbivory (Fig. 3). Significantly (39%) less of
the 15N was allocated to fine roots of herbivore-damaged
seedlings relative to controls (F1,14 = 4.79, P = 0.0461); in
the complete model, there was a marginal within-subjects
tissue × damage interaction (F4,56 = 2.90, P = 0.0675). Instead
of allocation to fine roots, herbivore-damaged seedlings
appeared to allocate new N to taproots as indicated by a
moderate tissue × damage interaction when analysing fine
roots against taproots alone (F1,14 = 4.47, P = 0.0506).
Moreover, a significant negative correlation between allocation
of new N to fine roots and taproots (r = −0.6815,
P < 0.0001) supports the suggestion that herbivory favored
a shift in the allocation of new N from fine roots towards
taproots. In addition, there was a significant day × damage
interaction in new stem tissue (F1,14 = 5.33, P = 0.0367);
there was a greater increase from day 2 to day 7 in assimilated
N in the new stem tissue of the herbivore-damaged seedlings
relative to the undamaged seedlings (Fig. 3). There were no
significant treatment effects on new N accumulation in the
leaf tissue.
There was no difference in total assimilated C between
herbivore-damaged and control seedlings (F1,16 = 0.23,
P = 0.6193). We recovered 2.28 ± 0.28 mg 13C per microcosm
(c. 1.42% of the 13C added to the chamber), 95.4% of
which was recovered in plant tissue. We also recovered
67.3 ± 13.7 µg 13C in the rhizosphere soil and 24.8 ± 5.0 µg
13C in the bulk soil, which represents c. 3.4% and c. 1.2% of
the newly assimilated C, respectively. For N, 11.4 ± 0.6 mg of
the 15N in the microcosms (c. 102% of the 15N added to the
microcosms) was recovered, 87.0% of which was in the
bulk soils. Seedlings continued to acquire 15N in all tissue
types over the course of the experiment: 2 d and 7 d following
15N additions, the seedlings accumulated 297.4 ± 87.1 µg
(c. 2.6% of added 15N) and 808.9 ± 276.4 µg 15N (c. 7.2% of
added 15N), respectively. A significant date × tissue interaction
indicated that the distribution of new N within seedlings
changed over the course of the experiment, with significant
increases in all three aboveground tissues (leaf F1,14 = 10.46,
P = 0.006; new stem F1,14 = 16.35, P = 0.001; old stem
F1,14 = 5.84, P = 0.030) balanced by a significant decrease
in the allocation to fine roots (F1,14 = 4.96, P = 0.043).
However, there were no differences in total N assimilation
between herbivore and undamaged groups at either time-point
(day 2: F1,14 = 0.01, P = 0.988; day 7: F1,14 = 1.68, P = 0.236).
When considering the soil fractions of the microcosms,
rhizodeposition recovered in the soil pools appeared to be
buffered from herbivore-induced changes in C allocation.
Reduced allocation of new C to fine roots did not reduce
the amount of new C exuded from roots (‘soil’ comparison
between damage treatments: F1,16 = 0.67, P = 0.427; Fig. 4).
However,  a significant interaction was found between the
herbivore treatment and the 13C recovery and distribution in
fine roots versus soil that was consistent between sampling
dates (13C recovery: F1,16 = 5.48, P = 0.035; % distribution:
F1,16 = 6.91, P = 0.018). These interactions indicate that, for a
given amount of new C allocated to fine roots, proportionally
Fig. 3 Distribution of 15N (% of total recovered 15N) among leaf, new 
stem, old stem, tap roots and fine roots in Quercus rubra (red oak) 
seedlings exposed to undamaged control conditions (light tinted bars) 
or insect herbivore damage (dark tinted bars) on (a) day 2 and (b) day 
7 following herbivory and isotope additions. Bars are means ± SE 
(n = 5 for the herbivore day 7 and undamaged day 2; n = 4 for 
herbivore day 2 and undamaged day 7).
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more of that 13C was recovered from the rhizosphere of
herbivore-damaged than from undamaged seedlings (Fig. 4).
Probably because rhizodeposition to soil pools between
herbivore treatments was equal overall, neither the total
microbial C nor 13C-enrichment were affected by the damage
treatment (F1,16 = 0.16, P = 0.6904; F1,16 = 0.77, P = 0.392
respectively). Also, nonmicrobial total DOC and 13C-DOC
were not affected by herbivory (F1,16 = 0.35, P = 0.551;
F1,16 = 0.09, P = 0.767 respectively). However, while the 13C
recovered in the rhizosphere microbial biomass was not
affected by herbivory, the microbial biomass was the principal
labile pool for newly assimilated and rhizodeposited C (Fig. 5).
The total C in microbial biomass was significantly greater
than that in nonmicrobial, extractable DOC (F1,32 = 4.20,
P = 0.0487), and significantly more total 13C was recovered in
the microbial biomass than the extractable DOC independent
of date (2.18 ± 0.35 µg 13C in microbes v. 0.82 ± 0.21 µg 13C
in DOC; F1,16 = 14.97, P = 0.0014; Fig. 5a). Thus, the 13C
recovered in the microbial biomass accounted for approx.
73% of all 13C recovered in the extractable fraction of the
rhizosphere soil. In addition, although the total microbial C
was < 1% of the total rhizosphere C, the 13C recovered in
the microbial biomass was 7.0 ± 1.5% of the 13C recovered in
the rhizosphere (F1,16 = 17.14, P = 0.0008; Fig. 5b). Overall,
approx. 93% of 13C recovered in the rhizosphere soil was in
nonextractable form and therefore possibly incorporated into
soil organic matter.
The experimental design also allowed us to explore cor-
relations between C and N. Surprisingly, there were few
correlations between either total C and N or the 13C and 15N
recoveries. There were strong correlations between total C and
total N in the bulk and rhizosphere soils; in the seedlings,
total C and N were correlated only in the fine roots (Fig. 6).
Moreover, fine roots were the only pool in which the recovered
13C and 15N were significantly correlated (Fig. 6). When we
considered how the newly assimilated C and N was correlated
within the microcosms, 13C recoveries were correlated among
some of the plant tissues (Table 2), while all of the plant
parts were correlated with respect to 15N recovery (Table 3).
Discussion
Our results show that red oak seedlings respond to insect
herbivore damage with a suite of C and N allocation shifts.
A 63% reduction in allocation of new C to fine roots was
coupled with increased allocation to foliage, presumably
at the expense of root growth or belowground C storage.
Despite lesser C allocation to fine roots, seedlings apparently
maintained C exudation to soil at levels similar to those of
undamaged controls, suggesting that rhizodeposition by oak
seedlings to soils must be buffered to some degree against damage-
induced changes in C allocation. Indeed, rhizodeposition
Fig. 4 Total (µg) of photosynthetically derived 13C in fine roots 
and soils (rhizosphere + bulk) of Quercus rubra (red oak) microcosms 
exposed to insect herbivory. Open bars, fine roots from undamaged 
seedlings; open bars with hatching, soil from undamaged 
microcosms. Tinted bars, fine roots from herbivore-damaged 
seedlings; tinted bars with hatching, soils from herbivore-damaged 
microcosms. Bars are means ± SE (n = 5 for the herbivore day 7 and 
undamaged day 2; n = 4 for herbivore day 2 and undamaged day 7).
Fig. 5 (a) Total photosynthetically derived 13C recovered as 
K2SO4-extractable dissolved organic carbon (DOC) and microbial 
biomass. Microbial biomass was estimated by fumigation-extraction. 
(b) The percentage of rhizosphere soil C in microbial biomass. 
Bars are means ± SE of nine samples. Light tinted bars, day 2; 
dark tinted bars, day 7.
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was not a simple and constant proportion of the C allocated
belowground, but appeared to be actively maintained (Fig. 4,
but see caveat later). The higher allocation of new N to
taproot and stem tissue following herbivore damage suggests
herbivore-induced N storage. We interpret the results to
indicate that oak seedlings respond to moderate insect
herbivore damage with a complex combination of allocation
shifts that may simultaneously increase leaf C, maintain soil
C exudation, maintain N assimilation and prompt N storage
for later growth.
Our data suggest that oak seedlings divert C away from
root growth or storage in the presence of foliar herbivores.
While this is opposite to our prediction, it may be consistent
with the tendency of oak seedlings to allocate significant C to
root biomass in the absence of foliar herbivores (Maillard
et al., 2001). It is possible that the additional C allocated to
foliage may be converted into defensive compounds (e.g.
increased tannin production), which are typically induced
following herbivore feeding (Schultz & Baldwin, 1982;
Hunter & Schultz, 1995; Frost & Hunter, 2008). For example,
jasmonic acid ( JA) application to leaves of poplar saplings
stimulates de novo synthesis of tannins that increases total
foliar tannin concentrations (Arnold & Schultz, 2002). Jasmonic
acid is a well-known signaling hormone that stimulates
chemical defenses in plants (Farmer & Ryan, 1990). In other
words, an aboveground/belowground tradeoff may occur
in seedlings whereby foliar damage necessitates reduction in
BCA in order to induce defensive foliar chemistry. Oak
Table 1 Masses, nitrogen (N), carbon (C), 
and C : N ratios for the Quercus rubra (red 
oak) microcosms
Sample type Mass (g)1 N (%) C (%) C : N
Leaf 0.514 ± 0.239 2.313 ± 0.362 46.192 ± 0.495 20.529 ± 3.410
New stem 0.055 ± 0.028 1.370 ± 0.328 44.522 ± 0.729 34.183 ± 7.592
Old stem 0.235 ± 0.094 1.274 ± 0.264 46.724 ± 0.754 38.198 ± 8.152
Tap roots 0.757 ± 0.344 2.337 ± 0.678 45.946 ± 0.698 21.066 ± 5.297
Fine roots 0.135 ± 0.078 2.365 ± 0.477 41.262 ± 3.837 17.920 ± 3.021
Rhizosphere soil 19.930 ± 7.648 0.238 ± 0.048 3.541 ± 0.786 14.847 ± 1.281
Bulk soil 181.653 ± 7.421 0.300 ± 0.029 3.252 ± 0.419 10.840 ± 0.658
1Data are means ± SD of 18 samples.
Table 2 Pearson correlations among 13C 
recoveries in Quercus rubra (red oak) 
seedling microcosms
Leaf New stem Old stem Tap root Fine roots Rhizosphere soil
New stem 0.573**
Old stem 0.290 0.565**
Tap root −0.162 0.169 0.655***
Fine roots −0.280 0.112 0.417 0.740***
Rhizosphere soil −0.135 0.049 0.383 0.217 0.031
Bulk soil 0.070 0.061 0.383 0.337 0.088 0.242
**P < 0.05; ***P < 0.01.
Fig. 6 Pearson correlations between total C and total N, and 
between 13C and 15N recoveries, in the individual components 
of Quercus rubra (red oak) microcosms. The components of the 
microcosms were foliage, ‘new’ stem grown during the experimental 
growing season, ‘old’ stem, tap roots, fine roots, rhizosphere (rhizo) 
soil and bulk soil. **P < 0.05; ***P < 0.01.
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seedlings have minimal C stores (Murakami & Wada, 1997;
Chaar et al., 1997; Maillard et al., 2001), which may demand
such a tradeoff. Reduction in BCA may have deleterious
consequences for the growth of herbivore-damaged seedlings
if root systems are compromised relative to undamaged
seedlings (Ruess et al., 1998), though the observed N
allocation shifts may help compensate. Also, it is possible that
different responses of oaks to foliar herbivores might be
observed as oaks mature and develop C storage reserves (Frost
& Hunter, 2004).
A number of studies have reported effects of foliar damage
on BCA and related processes in woody plants. Ayres et al.
(2004) found increases in soil C sequestration, but decreases
in coarse and fine root biomass, following mechanical damage
to leaves of Abies and Fagus seedlings. In our previous work,
we measured increased soil respiration from red oak meso-
cosms following foliar herbivory but not mechanical damage,
suggesting that herbivores specifically triggered a shift increasing
BCA (Frost & Hunter, 2004). Babst et al. (2005) showed that
Populus tremuloides saplings increase export of newly assimilated
11C to roots following JA application, and similar results
were observed using a 14C tracer in a poplar hybrid in the
laboratory (Bassman & Dickmann, 1985). However, severe
insect herbivore damage on hybrid poplars in the field has
been shown to reduce BCA to fine roots (Kosola et al., 2001),
though the damage also reduced overall tree growth. Thus,
while it is tempting to infer a general conclusion that foliar
damage stimulates BCA, our data taken with those of Kosola
et al. (2001) present a cautionary note that observed herbivore-
mediated changes in BCA may depend on ontogeny and the
severity of damage.
Despite the reduction in BCA, we nonetheless found evi-
dence for the active maintenance of C exudation, as estimated
by the recovery of 13C in the rhizosphere soil. While the
gradient of C concentrations between roots and rhizosphere
soil (Table 1) provides for the potential for passive diffusion of
C into the rhizosphere (Kuzyakov & Cheng, 2001), there is
substantial evidence that plants actively regulate rhizodeposition
(Holland et al., 1996; Knops et al., 2002; Jones et al., 2004;
Thelen et al., 2005). If the 13C recovered in the rhizosphere
occurred from passive diffusion alone, then the 13C in the
rhizosphere should be proportional to the 13C in the fine roots.
This was not the case (Fig. 4), which suggests that the oak
seedlings regulated rhizodeposition while reducing overall
BCA. This interpretation of the data, however, comes with an
important caveat. Respiration of photosynthetically derived C
by roots and soil microorganisms constitutes a portion of
BCA (Phillips & Fahey, 2005). This is a missing pool in
our study that, if included, may affect our conclusions about
BCA and rhizodeposition on the whole. However, the
results and interpretations are robust for the belowground
pools measured, and the prevalent theoretical rationale for
active maintenance of root C exudation to soils is facilitative
nutrient acquisition by rhizosphere microbes (Hamilton &
Frank, 2001).
The constant rates of rhizodeposition to soil between the
damage treatments were paralleled by constant levels of new
C in microbial biomass. Rhizosphere microbial biomass is
known to fluctuate in concert with periodic C flushes from
oak roots (Cardon et al., 2002). In cases where aboveground
clipping leads to greater net C rhizodeposition, microbial
biomass is correspondingly higher (Hamilton & Frank, 2001)
over the same time-course of our experiments reported
here. In our case, the ‘active’ C rhizodeposition to soils was
compensatory; we would therefore predict (and observed) no
differences in microbial biomass. However, the rhizosphere
microbial biomass was actively incorporating and using root
rhizodeposits, which supports the previous work of Cardon
et al. (2002). Thus, any effect of aboveground damage on soil
rhizodeposition may be predicted to influence the microbial
community. Given the herbivore-mediated reduction in C
allocation to fine roots, it may be more important to note that
there was not a decline in rhizosphere microbial biomass as a
result of the herbivore damage. Mycorrhizal fungi play an
important role in rhizodeposition in oak seedlings (Dickie
et al., 2001), and it is possible that they were an important
factor in the maintenance of the C exudation observed (Jones
et al., 2004).
Interestingly, approx. 93% of the 13C recovered in the
rhizosphere was not K2SO4-extractable and therefore neither
labile nor microbial. The forms of C in rhizodeposition are
species specific but include simple sugars and amino acids
(Whipps & Lynch, 1983; Jaeger et al., 1999; Bringhurst et al.,
2001) that are presumably suitable substrates for microbial
Table 3 Pearson correlations among 15N 
recoveries in Quercus rubra (red oak) 
seedling microcosms
Leaf New stem Old stem Tap root Fine roots Rhizosphere soil
New stem 0.825***
Old stem 0.739*** 0.893***
Tap root 0.437* 0.741*** 0.730***
Fine roots 0.479** 0.581** 0.456* 0.703***
Rhizosphere soil 0.200 0.354 0.194 0.209 0.255
Bulk soil −0.204 −0.267 −0.216 −0.177 −0.167 −0.018
*P < 0.1; **P < 0.05; ***P < 0.01.
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activity. Soil microbes utilize ephemeral C and nutrients
within hours of deposition (Seely & Lajtha, 1997; Zogg
et al., 2000), and it is possible that the rhizodeposited C
had been utilized and converted into recalcitrant material
by day 2 sampling period. However, it is also possible that
the physical properties of the soil organic matter abiotically
bound the large majority of the rhizodeposits (Paul & Clark,
1996). It is further possible, despite our best efforts to remove
them, that fine root contamination in the soil samples
accounted for some of the 13C recovered in the nonextractable
fraction of soils.
Herbivore damage to the oak seedlings stimulated N
allocation away from fine roots and toward tap roots, while
new stem tissue from herbivore-damaged seedlings accumulated
new N more rapidly than did controls. We interpret these
results as increasing storage of newly assimilated N. This differs
somewhat from previous results showing increases in foliar N
in clipped grasses (Hamilton & Frank, 2001). Life history
likely plays a role in the observed differences; while it may be
beneficial for an annual grass to reinvest new N immediately
into aboveground growth, a more appropriate strategy for
long-lived oak seedlings may be to store nutrients for future
growth. There were no treatment-based differences in enrich-
ment levels or allocation of new 15N in the foliage, which
suggests that the increased N in taproots and stems was not
merely in transport. This partially supports our hypothesis
that herbivore-damaged oaks would allocate more N to
storage tissues than would undamaged oaks. However, the
hypothesis that foliar herbivory on oaks leads to N storage
yields the prediction that N allocation should shift away from
foliage and toward storage tissues, which we did not observe
over the time-course of our experiment. Herbivore-induced
reductions in foliar N in oaks have been observed previously
(Nykanen & Koricheva, 2004), and it is possible that trans-
location to N storage may account for this effect. Indeed, the
higher allocation of N to storage following herbivore damage
may affect foliar N concentrations in the next growing season.
However, oak saplings damaged by herbivores in one growing
season flush foliage with lower N concentrations than do
controls in the following growing season (Frost & Hunter,
2007), so predicting how stores of N will be allocated in
future remains unclear.
As a final point, seedlings often do not behave similarly to
saplings or mature trees when confronted with herbivores
(reviewed in Nykanen & Koricheva, 2004). As a result, while
our data and those from other studies outlined earlier are an
important step, they may not reflect responses to herbivory of
mature trees in a forested landscape. Short-term microcosm
experiments with oak seedlings do not scale to mature oaks,
and we draw no such inferences. Rather, the experiment was
designed to explore the hypothesis that foliar herbivores
would influence oak BCA and the feedback loops that depend
on BCA. Further experiments are required to determine if
the patterns observed in this study are seedling-specific or
applicable to oaks in nature, and in particular how use of C
and N reserves in mature trees affects the interactions between
insect herbivores and tree energy and nutrient allocation.
There is ample evidence that different tree species uniquely
partition C and N and have significant impacts on C and N
dynamics in their respective soils (Templer et al., 2003; Lovett
et al., 2004), which further broadens the importance of
understanding the effects of herbivory on BCA at a landscape
scale. Nonetheless, our data provide evidence that herbivores
influence BCA and N allocation patterns during oak develop-
ment and, taken with previous work, indicate that young
oaks from seedlings to saplings change energy and nutrient
allocation patterns in response to insect herbivores.
Acknowledgements
We thank M. Cabrera, D. Camp, D. Coleman, L. Donovan,
P. Hendrix, C. Jennison and especially R. Goergen for assistance.
Mark Bradford provided helpful comments during manuscript
preparation. Bob McCron from the Canadian Forest Service
(Sault Ste. Marie, Ontario) provided tussock moth egg masses.
Tom Maddox performed element and isotope analyses in the
Analytical Chemistry Laboratory of the Odum School of
Ecology. This research was supported by NSF grants DEB-
9815133 and DEB-0404876 to M.D.H. and a UGA University-
Wide Assistantship to C.J.F.
References
Arnold T, Schultz J. 2002. Induced sink strength as a prerequisite 
for induced tannin biosynthesis in developing leaves of Populus. 
Oecologia 130: 585–593.
Ayres E, Heath J, Possell M, Black HIJ, Kerstiens G, Bardgett RD. 2004. 
Tree physiological responses to above-ground herbivory directly modify 
below-ground processes of soil carbon and nitrogen cycling. 
Ecology Letters 7: 469–479.
Babst BA, Ferrieri RA, Gray DW, Lerdau M, Schlyer DJ, Schueller M, 
Thorpe MR, Orians CM. 2005. Jasmonic acid induces rapid 
changes in carbon transport and partitioning in Populus. 
New Phytologist 167: 63–72.
Bardgett RD, Wardle DA. 2003. Herbivore-mediated linkages between 
aboveground and belowground communities. Ecology 84: 2258–2268.
Bassman JH, Dickmann DI. 1985. Effects of defoliation in the developing 
leaf zone on young Populus × euramericana plants 2. Distribution of 
photosynthate C-14 after defoliation. Forest Science 31: 358–366.
Bezemer TM, van Dam NM. 2005. Linking aboveground and belowground 
interactions via induced plant defenses. Trends in Ecology & Evolution 20: 
617–624.
Bringhurst RM, Cardon ZG, Gage DJ. 2001. Galactosides in the 
rhizosphere: utilization by Sinorhizobium meliloti and development 
of a biosensor. Proceedings of the National Academy of Sciences, USA 
98: 4540–4545.
Cardon ZG, Czaja AD, Funk JL, Vitt PL. 2002. Periodic carbon flushing 
to roots of Quercus rubra saplings affects soil respiration and rhizosphere 
microbial biomass. Oecologia 133: 215–223.
Chaar H, Colin F, Leborgne G. 1997. Artificial defoliation, decapitation 
of the terminal bud, and removal of the apical tip of the shoot in sessile 
oak seedlings and consequences on subsequent growth. Canadian Journal 
of Forest Research 27: 1614–1621.
New Phytologist (2008) 178: 835–845 www.newphytologist.org © The Authors (2008). Journal compilation © New Phytologist (2008)
Research844
Chapin FS. 1980. The mineral nutrition of wild plants. Annual Review 
of Ecology and Systematics 11: 233–260.
Cheng W. 1996. Measurement of rhizospheric respiration and organic 
matter decomposition using natural 13C. Plant and Soil 183: 263–268.
Cheng WX, Coleman DC. 1990. Effect of living roots on soil organic matter 
decomposition. Soil Biology & Biochemistry 22: 781–787.
Cook BD, Allan DL. 1992. Dissolved organic carbon in old field soils: 
total amounts as a measure of available resources for soil mineralization. 
Soil Biology & Biochemistry 24: 585–594.
Davis JM, Gordon MP, Smit BA. 1991. Assimilate movement dictates 
remote sites of wound-induced gene expression in poplar leaves. 
Proceedings of the National Academy of Sciences, USA 88: 2393–2396.
Dawson TE, Mambelli S, Plamboeck AH, Templer PH, Tu KP. 2002. 
Stable isotopes in plant ecology. Annual Review of Ecology and Systematics 
33: 507–559.
Dickie IA, Koide RT, Fayish AC. 2001. Vesicular–arbuscular mycorrhizal 
infection of Quercus rubra seedlings. New Phytologist 151: 257–264.
Farmer EE, Ryan CA. 1990. Interplant communication: airborne methyl 
jasmonate induces synthesis of proteinase inhibitors in plant leaves. 
Proceedings of the National Academy of Sciences, USA 87: 7713–7716.
Frank DA, Groffman PM. 1998. Ungulate versus landscape control of soil 
C and N processes in grasslands of Yellowstone National Park. Ecology 79: 
2229–2241.
Frank DA, McNaughton SJ. 1993. Evidence for the promotion of 
aboveground grassland production by native large herbivores in 
Yellowstone National Park. Oecologia 96: 157–161.
Frost CJ, Hunter MD. 2004. Insect canopy herbivory and frass deposition 
affect soil nutrient dynamics and export in oak mesocosms. Ecology 85: 
3335–3347.
Frost CJ, Hunter MD. 2007. Recycling of nitrogen in herbivore feces: 
plant recovery, herbivore assimilation, soil retention, and leaching losses. 
Oecologia 151: 42–53.
Frost CJ, Hunter MD. 2008. Insect herbivores and their frass affect Quercus 
rubra leaf quality and initial stages of subsequent litter decomposition. 
Oikos 117: 13–22.
Giardina CP, Coleman MD, Binkley D, Hancock JE, King JS, Lilleskov 
EA, Loya WM, Pregitzer KS, Ryan MG, Trettin CC. 2005. 
The response of belowground carbon allocation in forests to global change. 
In: Binkley D, Menyailo O, eds. Tree species effects on soils: implications for 
global change. Dordrecht, the Netherlands: Kluwer Academic Publishers, 
119–154.
Hamilton EWI, Frank DA. 2001. Can plants stimulate soil microbes and 
their own nutrient supply? Evidence from a grazing tolerant grass. Ecology 
82: 2397–2404.
Holland JN. 1995. Effects of above-ground herbivory on soil microbial 
biomass in conventional and no-tillage agroecosystems. 
Appied Soil Ecology 2: 275–279.
Holland JN, Cheng W, Crossley DA. 1996. Herbivore-induced 
changes in plant carbon allocation: assessment of below-ground 
C fluxes using carbon-14. Oecologia 107: 87–94.
Hunter MD. 1987. Opposing effects of spring defoliation on late season 
caterpillars. Ecological Entomology 12: 373–382.
Hunter MD. 2001. Insect population dynamics meets ecosystem ecology: 
effects of herbivory on soil nutrient dynamics. Agricultural and Forest 
Entomology 3: 77–84.
Hunter MD, Schultz JC. 1995. Fertilization mitigates chemical 
induction and herbivore responses within damaged oak trees. 
Ecology 76: 1226–1232.
Jaeger CH III, Lindow SE, Miller W, Clark E, Firestone MK. 1999. 
Mapping of sugar and amino acid availability in soil around roots with 
bacterial sensors of sucrose and tryptophan. Applied and Environmental 
Microbiology 65: 2685–2690.
Jardine TD, Cunjak RA. 2005. Analytical error in stable isotope ecology. 
Oecologia 144: 528–533.
Jenkinson DS, Fox RH, Rayner JH. 1985. Interactions between fertilizer 
nitrogen and soil nitrogen – the so-called priming effect. Journal of Soil 
Science 36: 425–444.
Jones DL, Healey JR, Willett VB, Farrar JF, Hodge A. 2005. Dissolved 
organic nitrogen uptake by plants-an important N uptake pathway? 
Soil Biology & Biochemistry 37: 413–423.
Jones DL, Hodge A, Kuzyakov Y. 2004. Plant and mycorrhizal regulation 
of rhizodeposition. New Phytologist 163: 459–480.
Karban R, Baldwin IT. 1997. Induced responses to herbivory. Chicago, IL, 
USA: University of Chicago Press.
Knops JMH, Bradley KL, Wedin DA. 2002. Mechanisms of plant species 
impacts on ecosystem nitrogen cycling. Ecology Letters 5: 454–466.
Kosola KR, Dickmann DI, Paul EA, Parry D. 2001. Repeated insect 
defoliation effects on growth, nitrogen acquisition, carbohydrates, 
and root demography of poplars. Oecologia 129: 65–74.
Kula AAR, Hartnett DC, Wilson GWT. 2005. Effects of mycorrhizal 
symbiosis on tallgrass prairie plant-herbivore interactions. 
Ecology Letters 8: 61–69.
Kuzyakov Y, Cheng W. 2001. Photosynthesis controls of rhizosphere 
respiration and organic matter decomposition. Soil Biology & Biochemistry 
33: 1915–1925.
Lajtha K, Michener RH. 1994. Stable isotopes in ecology and environmental 
science. Cambridge, MA, USA: Blackwell Scientific Publications.
Lipson D, Näsholm T. 2001. The unexpected versatility of plants: 
organic nitrogen use and availability in terrestrial ecosystems. 
Oecologia 128: 305–316.
Littell RC, Stroup WW, Freund RJ. 2002. SAS for linear models. 
Cary, NC, USA: SAS Institute, Inc.
Lovett GM, Weathers KC, Arthur MA, Schultz JC. 2004. Nitrogen 
cycling in a northern hardwood forest: Do species matter? 
Biogeochemistry 67: 289–308.
Maillard P, Guehl JM, Muller JF, Gross P. 2001. Interactive effects of 
elevated CO2 concentration and nitrogen supply on partitioning of 
newly fixed C-13 and N-15 between shoot and roots of pedunculate 
oak seedlings (Quercus robur). Tree Physiology 21: 163–172.
Martens R. 1990. Contribution of rhizodeposits to the maintenance and 
growth of soil microbial biomass. Soil Biology & Biochemistry 22: 141–147.
Martin JK, Merckx R. 1992. The partitioning of photosynthetically fixed 
carbon within the rhizosphere of mature wheat. Soil Biology & Biochemistry 
24: 1147–1156.
McNaughton SJ, Ruess RW, Seagle SW. 1988. Large mammals and 
process dynamics in African ecosystems. BioScience 38: 794–800.
Mikola J, Yeates GW, Barker GM, Wardle DA, Bonner KI. 2001a. Effects 
of defoliation intensity on soil food-web properties in an experimental 
grassland community. Oikos 92: 333–343.
Mikola J, Yeates GW, Barker GM, Wardle DA, Bonner KI. 2001b. 
Response of soil food-web structure to defoliation of different plant 
species combinations in an experimental grassland community. 
Soil Biology & Biochemistry 33: 205–214.
Murakami M, Wada N. 1997. Difference in leaf quality between canopy 
trees and seedlings affects migration and survival of spring-feeding 
moth larvae. Canadian Journal of Forest Research 27: 1351–1356.
Nykanen H, Koricheva J. 2004. Damage-induced changes in woody 
plants and their effects on insect herbivore performance: a meta-analysis. 
Oikos 104: 247–268.
Paul EA, Clark FE. 1996. Soil microbiology and biochemistry. San Diego, 
CA, USA: Academic Press.
Phillips RP, Fahey TJ. 2005. Patterns of rhizosphere carbon flux in sugar 
maple (Acer saccharum) and yellow birch (Betula allegheniensis) saplings. 
Global Change Biology 11: 983–995.
Powlson DS, Jenkinson DS. 1976. The effects of biocidal treatments on 
metabolism in soil: II. Gamma irradiation, autoclaving, air-drying and 
fumigation. Soil Biology & Biochemistry 8: 179–188.
Reich PB, Walters MB, Ellsworth DS. 1997. From tropics to tundra: 
global convergence in plant functioning. Proceedings of the National 
Academy of Sciences, USA 94: 13730–13734.
© The Authors (2008). Journal compilation © New Phytologist (2008) www.newphytologist.org New Phytologist (2008) 178: 835–845
Research 845
Ruess RW, Hendrick RL, Bryant JP. 1998. Regulation of fine root 
dynamics by mammalian browsers in early successional Alaskan taiga 
forests. Ecology 79: 2706–2720.
Schultz JC, Baldwin IT. 1982. Oak leaf quality declines in response 
to defoliation by gypsy moth larvae. Science 217: 149–151.
Seely B, Lajtha K. 1997. Application of a 15N tracer to simulate and 
track the fate of atmospherically deposited N in the coastal forests 
of the Waguoit Bay Watershed, Cape Cod, Massachusetts. Oecologia 
112: 393–402.
Sparling GP, West AW. 1988. A direct extraction method to estimate 
soil microbial C: calibration in situ using microbial respiration and 14C 
labeled cells. Soil Biology & Biochemistry 20: 337–343.
Templer P, Findlay S, Lovett GM. 2003. Soil microbial biomass and 
nitrogen transformations among five tree species of the Catskill 
Mountains, New York, USA. Soil Biology & Biochemistry 
35: 607–613.
Thelen GC, Vivanco JM, Newingham B, Good W, Bais HP, Landres P, 
Caesar A, Callaway RM. 2005. Insect herbivory stimulates allelopathic 
exudation by an invasive plant and the suppression of natives. 
Ecology Letters 8: 209–217.
Vance ED, Brookes PC, Jenkinson DS. 1987. An extraction method 
for measuring soil microbial biomass C. Soil Biology & Biochemistry 
19: 703–707.
Wardle DA. 2002. Communities and ecosystems: linking the aboveground and 
belowground components. Princeton, NJ, USA: Princeton University Press.
Whipps JM, Lynch JM. 1983. Substrate flow and utilization in the 
rhizosphere of cereals. New Phytologist 95: 605–623.
Zangerl AR. 2003. Evolution of induced plant responses to herbivores. 
Basic and Applied Ecology 4: 91–103.
Zogg GP, Zak DR, Pregitzer KS, Burton AJ. 2000. Microbial 
immobilization and the retention of anthropogenic nitrate in a 
northern hardwood forest. Ecology 81: 1858–1866.
About New Phytologist
• New Phytologist is owned by a non-profit-making charitable trust dedicated to the promotion of plant science, facilitating projects
from symposia to open access for our Tansley reviews. Complete information is available at www.newphytologist.org.
• Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged.
We are committed to rapid processing, from online submission through to publication ‘as-ready’ via OnlineEarly – our average
submission to decision time is just 28 days. Online-only colour is free, and essential print colour costs will be met if necessary. We
also provide 25 offprints as well as a PDF for each article.
• For online summaries and ToC alerts, go to the website and click on ‘Journal online’. You can take out a personal subscription to
the journal for a fraction of the institutional price. Rates start at £135 in Europe/$251 in the USA & Canada for the online edition
(click on ‘Subscribe’ at the website).
• If you have any questions, do get in touch with Central Office (newphytol@lancaster.ac.uk; tel +44 1524 594691) or, for a local
contact in North America, the US Office (newphytol@ornl.gov; tel +1 865 576 5261).
